It is known that cooling rate from the liquid state is an important factor for producing the bulk metallic glasses. However, almost no other factors such as electric and/or magnetic fields were investigated. The present authors have reported that the glass-forming ability of Mg-Cu-Y and Fe-Co-B-Si-Nb alloys is enhanced with increasing electromagnetic vibration force. The electromagnetic vibrations affect the increase of the cooling rate and the decrease in the number of crystal nuclei directly, but don't affect the crystal growing rate. However, effects of the electromagnetic vibrations are not fully investigated so far. Thus, this study aims to investigate effect of the purity and superheating on the glassforming ability of Mg-Cu-Y alloys by the electromagnetic vibration method. It was found that the glass-forming ability of Mg-Cu-Y alloys is sensitive to the purity of an Ar atmosphere under which the mother alloy is prepared. However, the glass-forming ability was enhanced by the electromagnetic vibrations even if the mother alloy was prepared under low purity Ar. The enhancement of the glass-forming ability by the electromagnetic vibrations in the liquid state was decreased with the increase of superheating. These results support the presumption that disappearance or decrement of the clusters by the electromagnetic vibrations applied to the liquid state causes suppression of crystal nucleation.
Introduction
Different combinations of stationary and/or alternating electric and magnetic fields have been used for a wide range of purposes, including stirring, shaping, etc.
1) Among these combinations, it was reported that electromagnetic vibrations induced by the interaction of alternating electric and stationary magnetic fields can act as powerful vibrating forces in the melt and affect microstructural refinements in the usual crystalline alloys. [2] [3] [4] [5] [6] [7] [8] [9] The simultaneous imposition of a stationary magnetic field with a magnetic flux density B and an alternating electric field with a current density J and a frequency f on a conducting liquid results in the induction of a vibrating electromagnetic body force with a density of F ¼ JxB inside the liquid. This force, which has a frequency equal to that of the applied electric field, vibrates in a direction perpendicular to the plane of the two fields and puts particles constituting the conducting liquid into a vibrating motion.
The present authors reported that a new method for producing Mg-Cu-Y bulk metallic glasses by using the electromagnetic vibrations is effective in forming the metallic glass phase, and disappearance or decrement of clusters by the electromagnetic vibrations applied to the liquid state is presumed to cause suppression of crystal nucleation. 10, 11) Moreover, the present authors reported that it was found that the glass-forming ability of Fe-Co-B-Si-Nb alloys also increases with increasing the intensity of electromagnetic vibrations. The effects of the electromagnetic vibrations were found to have two effects. The first effect is the increase of the cooling rate. The second effect is the decrease in the number of crystal nuclei. [12] [13] [14] If it is supposed that only the alloy sample exists in the free space and that the electric current is passed through the sample uniformly, the electromagnetic vibrations are the vibrating motion and not waves like the ultrasonic waves. However, when particles in the sample have lower electric resistance than the molten sample, these particles are considered to vibrate vigorously in the molten sample by Lorentz force because the electric current concentrates in those. This phenomenon was considered to cause the decrease in the number of crystal nuclei by the electromagnetic vibrations. 15) If the electromagnetic vibrations decrease the clusters which form the crystal nuclei in the liquid state, superheating and purity of samples may affect this effect. Thus, the purpose of this study is to investigate effect of the purity and superheating on the glassforming ability of Mg-Cu-Y alloys by the electromagnetic vibration method.
Experimental Apparatus
The experimental apparatus is based on a superconducting magnet, which is able to deliver a magnetic flux density of up to 10 Tesla at the center of a bore of 150 mm diameter. It was designed and assembled to hold the sample by stainless-steel cylinders as firmly as possible against the mechanical vibrations of the system when electromagnetic vibrations are applied, and prevent the vibrations from being transferred to the magnet.
The cylindrical sample is placed between two molybdenum electrodes in an alumina tube and set in the experimental apparatus (Fig. 1) . The electrodes are firmly fixed in the tube to prevent the leakage of molten liquid when vibrations are applied. Electric current for the electromagnetic vibrations is supplied to the sample by the two electrodes on both ends of the sample. Temperature is measured by a K-type thermocouple which is put on the tube. Two nozzles are set and enable the water spray to the tube. An electric heating furnace, which is used to heat and melt the sample, is removed when water is sprayed. Thus, the temperature of the sample was able to be measured when the sample was heated. But when the sample was cooled, the temperature was not able to be measured at the thermocouple which is put on the tube because water is sprayed to the thermocouple directly.
Experimental Procedures
Mother alloys of Mg 65 Cu 25 Y 10 were first prepared by cold crucible induction melting the mixtures of pure Cu (99.99%) and Y (99.9%) under an argon atmosphere. Then the mother alloys were melted with Mg (99.9%) in an induction furnace under an argon atmosphere. After complete melting, the liquid mother alloys were cast into a copper mold with a diameter of 2 mm. 3 N or 6 N argon gases were used when mother alloys were melted by cold crucible induction melting and normal induction melting. Another mother alloy of Mg 65 Cu 25 Y 10 was provided by RIMCOF Tohoku University Laboratory in Japan. The mother alloy was first prepared by arc melting the mixtures of pure Cu and Y under a purified argon atmosphere. Then the mother alloy was melted with pure Mg in an induction furnace under a purified argon atmosphere.
The Mg 65 Cu 25 Y 10 alloy, which is cylindrical with a diameter of 2 mm and a length of 5 mm, was placed in an alumina tube of almost the same inner diameter and an outer diameter of 4 mm between two molybdenum electrodes. 3 N argon gas was passed through the inside of the Stainless-steel cylinders. The sample was heated at a rate of 20 K/min to 873, 923, 963 or 1053 K by the heating furnace which was set around the sample placed at the center of the magnet. The molten sample was kept at this temperature for 2 minutes and then water was sprayed on the tube. The electromagnetic vibrations were applied by passing the electric current through the sample at a preset magnetic field.
The metallic glass or crystalline structures were examined by optical microscopy. The examination regions for optical microscopy were taken from the central regions in the transverse cross-section. For optical microscopy observations, 1% nitric acid/ethanol solution was used for etching the sample surface. Figure 2 shows optical micrographs for the alloys with the electromagnetic vibrations. The mother alloy prepared by RIMCOF was used. Temperature of the melt, the flow rate of cooling water, the magnetic field and the alternating electric current were fixed at 873 K, 3 L/min, 1 T and 20 A, 5 kHz, respectively. Applied time of the electromagnetic vibrations for the alloys is shown in Fig. 3 . Applied time of the electromagnetic vibrations after the onset of the water spray was locked on 10 s, but applied time before that was 10, 30, 60 or 80 s. In Fig. 2(a) , the alloy consists of the crystalline Fig. 1 A schematic illustration of the experimental apparatus. Fig. 2 Optical micrographs for the alloys with the electromagnetic vibrations. The mother alloy prepared by RIMCOF was used.
Results and Discussion

Effect of purity on the glass-forming ability
Temperature of the melt, the flow rate of cooling water, the magnetic field and the alternating electric current were fixed at 873 K, 3 L/ min, 1 T and 20 A, 5 kHz, respectively. Applied time of the electromagnetic vibrations for the alloys is shown in Fig. 3 . 1618 T. Tamura, S. Maki, D. Kamikihara, N. Omura and K. Miwa phase plus the metallic glass phase which is shown by featureless black region. However, the crystalline phase decreased with increasing applied time of the electromagnetic vibrations to the melt. This result is in agreement with that shown in previous paper. 10) However, decrement of the crystalline phase took more time than that shown in the previous paper. In the previous paper, the electromagnetic vibrations had been applied at 10 T and 5 A, 5 kHz. Thus, Joule heat in this paper condition corresponds to about 16 times as much as that shown in the previous paper. Moreover, a thinner alumina tube had been used in the previous paper. Thus, it is considered that weaker electromagnetic vibrations and lower cooling rate caused this result. Figure 4 shows effect of applied time of the electromagnetic vibrations to the melt on the volume fractions of crystals for the various mother alloys. Temperature of the melt, the flow rate of cooling water, the magnetic field and the alternating electric current were fixed at 873 K, 3 L/min, 1 T and 20 A, 5 kHz, respectively. Applied time of the electromagnetic vibrations for the alloys is shown in Fig. 3 . Applied time of the electromagnetic vibrations after the onset of the water spray was locked on 10 s, but applied time before that was varied. Samples for the mother alloy prepared under 6 N argon atmosphere showed the same volume fractions of crystals as the samples for the mother alloy provided by RIMCOF. However, the metallic glass phase didn't appear in samples for the mother alloy prepared under 3 N argon atmosphere even though the electromagnetic vibrations were applied to the melt for 80 s. Thus, it was found that the glassforming ability of Mg-Cu-Y alloys is sensitive to the purity of an argon atmosphere under which the mother alloy was prepared. It is supposed that oxygen in the argon atmosphere under which the mother alloy was prepared causes the decrement of the glass-forming ability. Figure 5 shows effect of applied time of the electromagnetic vibrations to the melt on the volume fractions of crystals for the mother alloy prepared under 3 N argon atmosphere. Temperature of the melt was fixed at 873 K. Applied time of the electromagnetic vibrations for the alloys is shown in Fig. 3 . Applied time of the electromagnetic vibrations after the onset of the water spray was locked on 10 s, but applied time before that was varied. The electromagnetic vibrations were applied under two conditions. For one condition, the flow rate of cooling water, the magnetic field and the alternating electric current were fixed at 3 L/ min, 1 T and 20 A, 5 kHz, respectively. For the other condition, the flow rate of cooling water, the magnetic field and the alternating electric current were fixed at 9 L/min, 10 T and 5 A, 5 kHz, respectively. The metallic glass phase didn't appear in samples with the electromagnetic vibrations at 3 L/min, 1 T and 20 A. The sample for which the electromagnetic vibrations were applied to the melt for 10 s under the condition of 9 L/min, 10 T and 5 A consists of only the crystalline phase. However, the crystalline phase decreased with increasing applied time of the electromagnetic vibrations to the melt under this condition. This condition has stronger electromagnetic vibrations and higher cooling rate than another condition. Then, it was found that the glassforming ability is enhanced by the electromagnetic vibrations even if the mother alloy was prepared under low purity argon atmosphere. Figure 6 shows effect of applied time of the electromagnetic vibrations to the melt at various temperature on the volume fractions of crystals for the mother alloy prepared under 3 N argon atmosphere. Applied time of the electromagnetic vibrations for the alloys is shown in Fig. 7 . Applied time of the electromagnetic vibrations after the onset of the water spray was locked on 10 s, but applied time before that was varied. The flow rate of cooling water, the magnetic field and the alternating electric current were fixed at 9 L/min, 16) The glass-forming ability was enhanced with the increase of temperature of the melt. However, the enhancement of the glass-forming ability by the electromagnetic vibrations in the melt was decreased with the increase of superheating. The volume fractions of crystals increased slightly with increasing applied time of the electromagnetic vibrations to the melt at 1053 K. These results are considered to indicate that substances which are decreased by the electromagnetic vibrations are the same as those which are decreased by the superheating. Because it is known that the clusters decrease with the increase of superheating, 17) this consideration supports the presumption that disappearance or decrement of the clusters by the electromagnetic vibrations applied to the liquid state causes suppression of crystal nucleation. If yttrium oxide which is formed by oxygen in the argon atmosphere under which the mother alloy was prepared causes the crystal nucleation, the superheating should not enhance the glass-forming ability. Thus, oxygen might promote the clusters in the liquid state.
Effect of superheating on the glass-forming ability
Conclusions
The effect of the purity and superheating on the glassforming ability of Mg-Cu-Y alloys by the electromagnetic vibration method has been investigated, and the following conclusions have been derived.
(1) It was found that the glass-forming ability of Mg-Cu-Y alloys is sensitive to the purity of an argon atmosphere under which the mother alloy was prepared. It is considered that oxygen in the argon atmosphere under which the mother alloy was prepared causes the decrement of the glass-forming ability. However, the glass-forming ability was enhanced by the electromagnetic vibrations even if the mother alloy was prepared under low purity argon atmosphere. (2) The glass-forming ability was enhanced with the increase of superheating. However, the enhancement of the glass-forming ability by the electromagnetic vibrations in the liquid state was decreased with the increase of superheating. These results are considered to indicate that substances which are decreased by the electromagnetic vibrations are the same as those which are decreased by the superheating. This consideration supports the presumption that disappearance or decrement of the clusters by the electromagnetic vibrations applied to the liquid state causes suppression of crystal nucleation. Moreover, oxygen might promote the clusters in the liquid state. Fig. 7 . The flow rate of cooling water, the magnetic field and the alternating electric current were fixed at 9 L/min, 10 T and 5 A, 5 kHz, respectively. 1620 T. Tamura, S. Maki, D. Kamikihara, N. Omura and K. Miwa
